A large multiplex schizophrenia pedigree ascertained from the Micronesian nation of Palau was genotyped with 406 microsatellite DNA markers evenly distributed throughout the genome. Assuming autosomal dominant inheritance, the highest genome-wide lod scores were found for DNA loci mapping to 2p13-14; the maximum lod score was 2.17 (theta = 0.05) at D2S441. A nonparametric APM analysis was also suggestive at D2S441 (APM score = 2.96, P = 0.011). Of the 14 affected cases in this extended family, eight share a large haplotype in this region spanning ෂ11 cM. When 16 other families containing 65 schizophrenic cases were typed in a follow-up study of this region, the maximum lod score remained positive (maximum at D2S441 1.69, theta = 0.20). APM results also remained positive at D2S441 for all 17 families (APM score = 4.87, P = 0.0006). The linkage and haplotype sharing results provide suggestive evidence for a 2p locus predisposing to schizophrenia in a subset of families in the Palauan population.
Introduction
Schizophrenia is a severe and often disabling psychiatric syndrome that afflicts 0.5-1% of the world population. Despite varying environments and cultures, the prevalence and presentation of the disease are remarkably similar across most populations. 1 Although family, twin, and adoption studies carried out over the past half century indicate that genetic factors account for 60-70% of the variance in disease risk, the inheritance of disease displays complexities such as reduced penetrance, an uncertain mode of transmission, and probable genetic heterogeneity. 2, 3 Two types of family samples can be used to map complex disease genes by linkage analysis. Large collections of pairs of affected relatives (usually sib pairs) have been studied for a number of complex illnesses, including non-insulin diabetes mellitus, 4 ,5 prostate cancer, 6 and schizophrenia. 7, 8 Alternatively, small sets of large extended pedigrees have been used to study complex diseases such as early-onset Alzheimer's 9 and, most recently, Parkinson's disease. 10 Only a few large multiplex schizophrenia pedigrees are known to exist, 11 primarily because of exceptionally low rates of marriage and reproduction and, perhaps, due to reduced family cohesion. In our ascertainment of schizophrenia pedigrees from the Micronesian nation of Palau, we have found large multiplex pedigrees ideal for genetic studies of schizophrenia. Palau is an island archipelago with a current native population of 13 751 individuals over age 15. Archaeological, linguistic, and ethnographic data indicate that the Palauan population has developed in relative isolation over the last 2000 years; 12, 13 thus, the genetic etiology of schizophrenia in Palau may be less heterogeneous. Because of its isolation, the population may also be useful for linkage disequilibrium (LD) analysis, a technique that can be used for fine scale mapping of a disease gene.
14 The population is not inbred, as cultural doctrine has prohibited marriage between close relatives throughout recorded history. Palauan families are typically close-knit and usually contain large sibships. Before becoming an independent republic in 1994, Palau was a United Nations Pacific Trust Territory administered by the United States for 48 years. Consequently, almost all individuals born since the 1940s have used English as a second language and all hospital records since the 1950s have been written in English. We have now ascertained all Palauan schizophrenics (n = 160) and obtained their family trees. One of the largest multiplex pedigrees (K1583) with the most available cases for genotyping was chosen for genome-wide linkage analysis. The 16 most informative other pedigrees were chosen for follow-up studies. All cases used for linkage analysis in this pedigree have displayed persistent hallucinations and delusions which have been controlled by typical antipsychotics.
Methods and materials

Pedigree sample
Following informed consent, subjects were interviewed by a board certified psychiatrist (WB) using a modified version of a semi-structured interview (the Schedule for Affective Disorders and Schizophrenia). 15 Medical records were also obtained for any individual who received hospital inpatient or outpatient psychiatric care. Diagnoses were made using Research Diagnostic Criteria 16 blind to genotypic information. This fully ascertained sample includes 160 strictly-defined schizophrenics (chronic schizophrenia, subchronic schizophrenia, or schizoaffective disorder with mainly schizophrenic course), and 55 cases of other psychotic illness (five cases of acute/subacute schizophrenia, 22 bipolar cases with psychosis, six schizoaffective cases with mainly affective course, and three cases of psychotic depression). Only cases diagnosed with strict forms of schizophrenia were considered affected for all genetic linkage analyses. A subset (n = 79) of these cases and their relatives in families with the most information for linkage was genotyped for the chromosome 2 study. These patients had a typical course of illness and an average age of onset of 24.7 years.
17 Table 1 describes the family sample used in the genotyping studies. The largest pedigree containing the most subjects available for genotyping (K1583) was chosen for genome-wide linkage analysis ( Figure 1 ). K1583 has 62 members with DNA, 14 of whom are affected with chronic schizophrenia (one of these is a marry-in spouse). For the genome scan, nine of the 14 chronic schizophrenia cases were genotyped along with 17 unaffected relatives. In the main branch, we initially chose to exclude an affected marry-in spouse and the affected child of this parent due to the assumption that the affected spouse may increase the chances of a different susceptibility gene being introduced in this branch. However, these cases were genotyped in the chromosome 2 follow-up study. Additionally, the right lateral branch of the pedigree containing three schizophrenics had not been discovered at the time of the genome scan, but was included in the follow-up study.
The 16 other families have a total of 65 cases with chronic schizophrenia, subchronic schizophrenia, or schizoaffective disorder (mainly schizophrenic course), and were typed with three chromosome 2 markers. Because Palau is an island nation with a finite number of families, complex marriage connections have been found between the pedigrees. For these analyses, affected cases were grouped under common ancestors, and bilineal branches were included. One affected case in K2238A was duplicated in K2440. Two cases in K2238C were duplicated in K2238B; additionally, two other cases in 2238C were duplicated in K2238D. In each of these instances, the subject in ques- tion could be grouped with the common founders of either pedigree.
Genotyping
Blood samples were obtained from consenting subjects; high molecular weight DNA was isolated using standard techniques. 18 To search for a susceptibility locus for schizophrenia in K1583, we first screened the genome using 391 di-, tri-and tetra-nucleotide repeat markers comprising the Cooperative Human Linkage Center (CHLC) screening set 6.0 19 On average, these markers map every 10 centiMorgans. In order to increase coverage at some of the telomeric regions, areas that appear to be enriched for genes, 20 the pedigree was genotyped with 15 additional microsatellite markers (D1S160, D4S449, D6S344, D6S503, D7S531, D8S264, D9S230, D12S91, D16S521, D16S303, D18S170, D18S70, D20S105, D20S94, and D22S274). Genotyping was performed using standard techniques. 21 Marker allele frequencies for the K1583 genome scan were estimated from 56 marry-in spouses taken from seven pedigrees. Marker allele frequencies for the chromosome 2 region were estimated from 94 marry-in spouses from all 17 typed pedigrees. Because of the complex marriage relationships among the pedi- 28 Eight of the 14 chronic schizophrenics share a haplotype spanning ෂ11 cM. The haplotype is shared in four clinically unaffected obligate carriers, and can be inferred in two other deceased obligate carriers. Sharing is also observed in clinically unaffected relatives. To protect subjects' identity, gender has been disguised, sibling order altered, and not all pedigree members are depicted.
grees, the marry-in spouses often connect to other pedigrees with affected cases. We therefore checked allele frequencies against estimates from 20 normal controls from the Palauan population. Estimates using the two samples were within rounding error.
Linkage analysis
For lod score linkage analysis, model parameters were derived from a preliminary segregation analysis of K1583 along with five other pedigrees in preliminary stages of ascertainment using the Pedigree Analysis Package (PAP). 22 For this analysis, pedigrees were defined using all known first-and second-degree relatives of schizophrenics in these families. Penetrance was assumed to be age dependent. A major locus-dominant model with reduced penetrance showed the closest fit to the data in comparison to a general polygenic model (P Ͻ 0.0001); a recessive model with reduced penetrance also approximated the data better than the polygenic model (P Ͻ 0.001). The best fitting dominant model gave parameter estimates as follows: disease gene frequency = 0.01, maximum penetrance = 0.5, penetrance for the normal genotype = 0.002. Based on these results, a dominant lod score linkage analysis was completed using the FASTLINK 23 version of the LINKAGE program, 24 assuming the above penetrances for males. All known Palauan schizophrenics (n = 160) have been identified through either direct interviews or hospital records. A 2:1 male to female ratio was observed among these affected cases; 17 therefore, the penetrance for females was fixed at half that for males.
Analyses were also performed with the nonparametric Affected Pedigree Member (APM) method of linkage analysis method 25 that examines the degree of allele sharing among all affected individuals. This method was chosen over other nonparametric methods because only nine affected sibling pairs with DNA ruled out sib pair methods, and large family size ruled out GeneHunter NPL analyses. We generated empirical probability values for the APM statistics given our family sample and the marker characteristics using the simulation programs that are part of the APM program package. We used the recommended correction function (1/square root of marker allele frequency) to derive empirical probability values. Although the APM method tests for allele sharing identical by state (IBS) rather than identical by descent (IBD), results approximate IBD methods for highly informative microsatellite markers. While results of the nonparametric analyses are more robust to model assumptions than are lod scores, they should not be taken as independent confirmation of the lod score results as they reflect findings in the same family sample.
Simulation analyses
Using the model parameters for the lod score analysis, the SLINK software package 26, 27 was used to carry out simulation analyses assuming linkage as well as no linkage between the nine affected cases in K1583 and a four allele marker with equal allele frequencies. Based on 500 replicates, the average lod score assuming linkage was 1.3 and the maximum observed was 3.1. The average lod score assuming no linkage was 0.21 and the maximum observed was 1.7. The genetic model used for the linkage and simulation analyses assume intrafamilial homogeneity (one gene per family). If there were intrafamilial heterogeneity, the lod scores would be lower.
Results
Of the 406 microsatellite markers genotyped in K1583, D2S441 generated the highest pairwise lod score (maximum lod = 1.60, theta = 0.10). D2S441 is a tetranucleotide repeat marker that maps at ෂ2p13-14. 19 The next highest lod score in the genome scan of K1583 was 1.43 (theta = 0) for D1S1677. While markers flanking D1S1677 were uniformly negative (data not shown), markers flanking D2S441 yielded positive results.
Following the genome scan, three new cases of schizophrenia were identified in a right lateral branch of K1583 (Figure 1 ). These cases were included in our follow-up studies, in addition to one affected case in the main part of the family whose marry-in parent was affected and had therefore initially been omitted. Because the two flanking markers on the CHLC 6.0 set mapped 15 cM telomeric and 5 cM centromeric of D2S441, all original and new samples in K1583 were also genotyped with chromosome 2 markers derived from the third generation Genethon map. 28 Two point lod score results and APM scores continued to demonstrate suggestive evidence of linkage ( Table 2 ). The maximum pairwise score for K1583 for D2S441 using all available subjects was 2.17 (theta = 0.05).
In K1583, eight of the 14 affected individuals share a chromosome 2 haplotype spanning ෂ11 cM from D2S2183 to D2S358 (Figure 1 ). In the main branches of the pedigree, three cases do not share the haplotype, one of whom is the marry-in affected spouse. The lack of sharing in the other two cases may not be surprising due to the bilineal connections to other affected cases in virtually every branch of the pedigree, which offer opportunities for different susceptibility alleles to enter into the pedigree. None of the cases in the right lateral branch shares the haplotype, possibly given the distant connection to the main branches of the pedigree. The haplotype is also shared by four clinically unaffected obligate carriers and can be inferred in two other obligate carriers who are deceased. It is also present in clinically unaffected relatives, consistent with a susceptibility gene having reduced penetrance. Only four of these 14 unaffected cases who share the haplotype are male, consistent with the evidence that schizophrenia is less penetrant in females than males in this population.
The follow-up sample of 16 additional pedigrees was genotyped with D2S136, D2S441, and D2S358. The lod and APM scores for these families together with K1583 remained positive (Table 3) , with an overall pairwise lod score maximum for D2S441 of 1.69 (theta = 0.20). One of the 16 families yielded a maximum lod score of 1.6 (theta = 0). The heterogeneity lod score for D2S441 derived using HOMOG program 29 was 2.13 at theta = 0.10 assuming 55% of the families were linked to this marker. The HOMOG test for heterogeneity was suggestive but nonsignificant (P = 0.07). The nonparametric APM test produced significant results for D2S441 on the complete sample (APM score = 4.87, P = 0.0006). Multipoint APM analysis using D2S136, D2S441, and D2S358 on the combined sample was suggestive (APM score = 1.71, P = 0.05).
Discussion
A large multiplex pedigree was genotyped with microsatellite markers distributed approximately every 10 centiMorgans throughout the genome. Using the nine affected cases known at the time of the genome scan, the pedigree produced a genome-wide maximum of 1.60 (theta = 0.1) for D2S441, a tetranucleotide repeat marker mapping to 2p13-14, approximately 79.1 centiMorgans from the p terminus. After the genome scan was completed, three new schizophrenic cases were found in a right lateral extension of K1583 (Figure 1 ). Follow-up analyses in K1583 included additional siblings and an affected case initially omitted because the marry-in parent was affected. Evidence for linkage remained positive in an expanded marker set with these new cases; the maximum lod score for D2S441 was 2.17 and the APM score for D2S441 was 2.96 (P = 0.01) ( Table 2 ). Of interest, we observed that eight of the schizophrenic cases in K1583 shared an ෂ11 cM haplotype spanning from D2S2183 to D2S358 (Figure 1 ). Although two of the eight cases sharing the haplotype are sibs, the remainder are distantly related. The linkage results remained positive when we included 16 other Palauan pedigrees chosen from our fully ascertained sample because of informativeness for linkage (Table 3) . For all 17 families, the maximum lod score for D2S441 was 1.7 at theta = 0.2. Of the 16 families, one (K2440) yielded a maximum lod score of 1.6 (theta = 0) for D2S441. Nonparametric APM analyses for all 17 families produced positive results for D2S441 (APM score = 4.87, P = 0.0006).
Our results in this region support the possibility of a susceptibility gene for schizophrenia in Palau present in a subset of affected cases. If the chromosome 2 finding does not reflect a false positive result, the haplotype sharing in K1583 demonstrates likely heterogeneity and/or epistasis underlying the illness, even in this genetic isolate. We are fortunate in our studies of the Palauan families in our extensive knowledge of the genealogy of the pedigrees. Complex marriage relationships traceable across four to five generations in this island isolate produce the possibility that differing susceptibility genes could have entered into many branches of these large pedigrees through marriage connections to other cases of illness. Although connections are often remote, the possibility remains that aggregation and interactions of susceptibility genes through multiple bilineal branches may work together to cause illness. This expression of distant bilineality likely exists but is masked in smaller family linkage samples taken from large outbred populations, and may create undetectable interfamilial heterogeneity which obscures true linkage results in these samples, particularly for more minor susceptibility genes. Through haplotype sharing of subsets of affected cases in the large Palauan families such as K1583, true linkages may be detectable even in the face of such heterogeneity and/or epistasis. Future work will then focus on multilocus analyses of regions identified through substantial haplotype sharing.
Additional advantage of the Palauan sample results from its isolation across most of its 2000 year history. Assuming there are only a few predisposing genes in this sample, it may be possible to map predisposing alleles to a smaller region using linkage disequilibrium (LD) techniques. 30 Studies are underway to investigate LD in the 2p13-14 region; no statistically significant results have yet been found.
Because Palau is an ethnic isolate, findings may not be replicated in samples of other ethnic backgrounds. To test this hypothesis, we genotyped eight schizophrenia families of mixed European heritage ascertained in Utah with D2S358, D2S441, and D2S183. The maximum lod score for any family was 0.32 (theta = 0.1) for D2S441; overall lod scores were negative for all three markers. Nonparametric analyses in these families using GeneHunter 31 were also nonsignificant (minimum P value = 0.41). Two other genomic surveys using larger family samples have reported positive evidence for the region including D2S441. In a sample of 70 families, DeLisi 32 found suggestive linkage results with D2S438 (NPL score = 1.53, P = 0.054), a marker mapping 76.4 cM from the p terminus, and with D2S139 (NPL score = 1.57, P = 0.05), a marker mapping 82.5 cM from the p terminus. In another sample of 46 nuclear families, Faraone 33 reported an NPL score of 1.85 (P = 0.03) for D2S441. However, it should be noted that for both of these family samples, genome-wide results implicated several other chromosomal regions in addition to the 2p region. Two other schizophrenia genome surveys have not found evidence of linkage to 2p markers, 34, 35 though both of these groups have reported positive data for markers in the chromosome 2q centromeric region (2q11-13). In sum, additional work may be warranted in the 2p13-14 region especially using families of South Pacific or Southeast Asian ancestry.
